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Introduction
Land use and land cover changes are the most important and easily detectable indicators of global ecological change (Turner et al 1990; Vitousek 1994; Lambin et al 1999; Di Gregorio 2005) . They directly impact biological diversity (Sala et al 2000) ; contribute to local, regional, and global climate change (Chase et al 1999; Houghton et al 1999) ; and may cause land degradation by altering ecosystem services and livelihood support systems, thereby disrupting the sociocultural practices and institutions associated with managing them (Vitousek et al 1997) . Such changes also affect the vulnerability of people and places to climatic, economic, and sociopolitical perturbations (Sharma et al 2009) .
Thus a robust understanding of land use and cover is essential to understand landscape patterns and their changes, which is useful for the assessment of humaninduced drivers and their impacts on the ecosystem. However, despite improvements in land cover characterization made possible by earth-observing satellites (Loveland et al 1999 (Loveland et al , 2000 Friedl et al 2002; Di Gregorio 2005) , global and regional land cover has been poorly evaluated (Intergovernmental Panel on Climate Change 2000; Knight and Lunetta 2006) . Moreover, we lack consistency in the use of data and layers for interpretation, as the legends vary from biome to microvegetation types. Global scale assessments may therefore conflict with the findings of micro-or mesoscale data sets because they are specific to time and place.
In order to address these differences, a number of organizations and institutions are working to create general classification systems and legends for global consistency, such as terrestrial ecoregions (Olson and Dinerstein 2002; Fritz et al 2003; Global Observation for Forest and Land Cover Dynamics [GOFC-GOLD] 2004 ).
MountainResearch

Systems knowledge
Mountain Research and Development (MRD) An international, peer-reviewed open access journal published by the International Mountain Society (IMS) www.mrd-journal.org (Olson and Dinerstein 2002; Giri et al 2005) , and a consistent land use legend for the Himalayan region has always been in demand (Gautam and Watanabe 2004) . To address this urgent need, the Food and Agriculture Organization (FAO) has developed a system for land cover classification (Di Gregorio 2005) . The International Centre for Integrated Mountain Development initiated research to harmonize land cover classification at the regional scale and address the immediate needs of the Hindu Kush-KarakoramHimalaya (HKKH). The objective of the research was to develop a common set of legends to be used in Qomolangma National Nature Preserve (QNNP) in the Tibet Autonomous Region (TAR) of China, Sagarmatha National Park and Buffer Zone (SNPBZ) in Nepal, and Central Karakoram National Park in Pakistan. Harmonization of the classification system is facilitating the generation of land cover maps that can be used consistently for studies of change. The planned land cover maps must be useful for applications at different scales; therefore, it is important to design a system that follows a uniform approach and allows for aggregation at different levels of detail. This paper presents the results of land cover mapping from Sagarmatha National Park and discusses the advantages and limitations of using a harmonized classification system to understand land cover change.
Study area
SNPBZ is located in northeastern Nepal at 27u459-28u079N and 86u289-87u079E. It shares its northern border with the QNNP in TAR of China. The park encompasses the upper catchment of the Dudh Koshi River system, which forms a distinct geographical unit enclosed on all sides by high mountain ranges. The national park is located amidst the world's tallest peaks-Mount Everest (8850 m), Lhotse (8601 m), and Cho Oyu (8153 m). The elevation rises from 1800 m to 8850 m at the top of Everest within a distance of less than 50 km.
The climate of SNPBZ is generally moist and cool in the summer and cold and dry in the winter. Marked variations in temperature and precipitation are influenced by altitude and seasons. Nearly 100 large and small settlements are scattered throughout the Park. The landscape of SNPBZ has been shaped by centuries of human use since the ancestors of the Sherpa people entered the vacant valley of Khumbu around 400 years ago (Sherpa and Bajracharya 2009 ). These socioeconomic activities have changed the landscape of the area, as evidenced by many repeat photographs (Byers 1997) . Similarly, the study of satellite images dating from the 1960s has shown dramatic changes in the higher mountain environments, with new lakes and retreating glaciers (Bajracharya et al 2007) . While there have been claims of forest and general environmental degradation in the region, studies by Stevens (2003) and repeat photography by Byers (1997) report a relatively intact and stable landscape. However, so far, there is a lack of spatially explicit information and quantitative analysis of changes in SNPBZ. To cope with these social and natural changes and to enable the sustainable management of the park, it is important to have basic information on its land resources.
Material and methods
Harmonization of legends
We reviewed the existing land cover data on Nepal. The first measurement of forest resources in Nepal was carried out between 1963 and 1965 by the U.S. Agency for International Development and the Government of Nepal (Wallace 1988) . Another extensive mapping effort was carried out by the governments of Nepal and Canada through the Land Resources Mapping Project (1986) in the early 1980s. This project developed a land use classification system and completed mapping of nationwide land use at a scale of 1:50,000. The most recent land cover mapping was carried out by the Department of Forest Resources Survey (1999) with the cooperation of the Japan Forest Technology Association (2001) . Past enumerations of land use and land cover types in the region (Champion et al 1965; Champion and Seth 1968; Stainton 1972; Dobremez 1976; Olson and Dinerstein 2002) were also reviewed.
The initiatives taken by FAO and the United Nations Environment Programme in developing the Land Cover Classification System (LCCS) provided an opportunity for harmonization (Roy et al 2004) . Because LCCS was developed as a worldwide reference system for land cover (Di Gregorio 2005) and is in the process of being established as a standard by the International Organization for Standardization, it was chosen as the most appropriate approach for the study. A consultative workshop was organized to inform stakeholders of the needs for harmonization and interdisciplinary collaboration, to train them in concepts and tools, and finally to come up with an LCCS-based legend for SNPBZ. Table 1 presents the legend developed for SNPBZ through the consultative workshop. It was further refined after a field mission to the park. The framework for analysis is presented schematically in Figure 1 . After the satellite images were georeferenced, indices such as a normalized differential vegetation index (NDVI) and normalized differential snow ice index (NDSII), were generated from the images. A digital elevation model generated from the contour data was used for the elevation information. The rectified imagealong with the above information layers-were loaded into Definiens H for band combination.
The next step was segmentation of the image into unclassified basic image objects. Segmentation is the subdivision of an image into separated regions represented by image objects based on its spectral characteristic, color, tone, and texture, as well as information about its neighborhood (Definiens 2006) . Segmentation algorithms were used to subdivide the entire image. A convenient approach was to run segmentations with different parameters until the result was satisfying. In the present analysis, the ''multiresolution'' algorithm was used; this algorithm locally minimized the average heterogeneity of image objects for a given resolution. Shape was given priority during the first-level segmentation process, while color was given priority in the second-level process to get suitable segmentation of the images. For each segment, information on average NDVI, NDSII, slope, etc was derived.
This information was used to develop suitable classification algorithms for individual classes. The LCCS classes were inserted before starting the classification. Image objects were linked to class objects and each classification link stored the membership value of the image object to the linked class. With each polygon assigned to a specific class, a land cover map was generated for the landscape. After the classification, the land cover data were exported to .img (ERDAS Imagine H ) format for further processing, such as the elimination of areas smaller than the defined minimum mapping units.
A field mission was carried out for the validation of the land cover classification. An error matrix is the most commonly used form for reporting site-specific accuracy, as it effectively summarizes the key information obtained from the sampling and response designs (Stehman and Czaplewski 1998). To this end, a uniform 500 3 500 m grid was generated over the area, and 15% of these points were selected randomly and used for accuracy assessment. The land cover at each point was interpreted with the help of field data, IKONOS 4-m multispectral and 1-m panchromatic images, and available field photographs. These were then compared with the land cover map to calculate the error matrix. The accuracies were 86.6%, 86.6%, and 83.8% for 1992, 2000, and 2006, respectively. When the classes were generalized by aggregating forests and shrubs to single classes, the accuracies were 94.9%, 96.46%, and 98.2%, respectively (Supplemental material, Table S1A-C; http://dx.doi.org/10. 1659/MRD-JOURNAL-D-09-00044.S1).
Results
Our review showed that past enumerations have different legends, mainly manifested in the vegetation and land cover types used and the objective of the respective work (Tables 3A, 3B ). It clearly showed inherent differences in the methodologies and the classification approaches.
Regarding the analysis of land cover, about 70% of the SNPBZ area is covered by snow and ice, glaciers, bare rocks, and bare soil. The land cover change analysis showed that major changes occurred in grass, snow, and bare areas. The grass cover showed an increase of 52.8 km . This resulted in an overall decrease in forest area of 3.9 km 2 . Needleleaf shrub and mixed shrub decreased by 9.9 km 2 and 3.6 km 2 , respectively, while dwarf shrub increased by 14 km 2 . Glacial lakes increased by 2.4 km 2 during this period. The distribution of land cover classes in the 3 years and the overall change between 1992 and 2006 are presented in Figure 2 . The change matrix from 1992 to 2006 is presented in Figure 3 .
Regarding changes by elevation zones, major changes are seen above 5000 m, with a decrease in snow cover of 102.7 km 2 , contributing to an increase of 93.6 km 2 in bare area and 6 km 2 in grass cover. At elevations from 3000 to 4000 m, broadleaf and needleleaf forests increased by 7 km 2 and 1.6 km 2 , respectively, while mixed forest decreased by 10.5 km 2 , resulting in an overall decrease of 1.9 km 2 . At elevations from 4000 to 5000 m, broadleaf, needleleaf, and mixed shrubs decreased by 2, 7.9 and 3.4 km 2 , respectively, while dwarf shrubs increased by 11.1 km 2 . Again, the most marked changes occurred in the northern aspect in terms of snow and bare area. Broadleaf forest showed a decrease of 1 km 2 in the southern aspect, while it increased from 2.2 to 3.2 km 2 in the other 3 aspects. Mixed forest showed a decrease in all 4 aspects, ranging from 2.2 to 4.4 km 2 . Shrubs showed a decrease of 5.6 km 2 in the southern aspect, while dwarf shrubs . The patterns of change are presented in Figure 4 by elevation and aspect. A map of changes in total forest cover and glacial lakes is presented in Figure 5 .
The results show that variations in aspect and slope influence the local vegetation, but altitude and its influence on climatic conditions have dominated the distribution pattern of vegetation in SNPBZ. The analysis by elevation zones revealed that most of the vegetation changes are occurring at elevations between 3000 and 4000 m, with a decrease in forest and an increase in shrub. This is also the zone in which most settlements are located. While the overall vegetation cover looks intact, this may indicate that forests are subject to degradation in this zone. There is a loss of shrub cover at the higher elevation zone between 4000 and 5000 m, and the elevations above 5000 m have seen an increase in grass. Changes in the growth of buildings and their structures are visible in the field, particularly in areas like Phakding, Namche, and Khumjung. However, in terms of the expansion of builtup areas, the changes are very small, which may be due to limited suitable land. 
Discussion and conclusion
Land use and land cover analysis is evolving as one of the most fundamental information systems for the study of ecosystems, including protected areas, and for the management of protected areas (Roy and Tomar 2000; Li et al 2006; DeFries et al 2007) . The HKKH region is known for its rich biodiversity, and human-induced land cover change is producing alarming signals regarding the fate of biological resources (Myers et al 2000; Pandit et al 2007) . Land cover mapping requires significant resources and, due to the gaps in harmonized legends, investments in past initiatives could not be properly used for studies of change.
The analysis in Table 3A shows the differences in the use of legends in the earlier land cover classifications, which limits the compatibility of data for comparison. Even within each classification system, there are overlaps and ambiguities in class descriptions. LCCS is the only operational system at present in which land cover classes are clearly and systematically defined. LCCS is being successfully used for land use change detection and for the quantification and modeling of vegetation dynamics at a regional level (Rodgers et al 2007) . In addition, LCCS is also compatible with global land cover initiatives such as Global Land Cover 2000 and GlobCover (Fritz et al 2003; GlobCover 2008) .
In LCCS, a land cover class is defined by a set of independent diagnostic attributes or classifiers, and the amount of detail in the description of a land cover feature is linked to the number of classifiers being used. The 2-phase design, with the initial dichotomous phase and the modular-hierarchical phase, results in a land cover class defined by a Boolean formula showing each classifier used, a unique number for use in geographic information systems (GIS), and a name, which can be the standard name as supplied or a user-defined name (see Table 1 ). The classifiers are categorized as pure land cover classifiers (life form, height, etc), environmental attributes (altitude, climate, landform, etc) and specific technical attributes (floristic aspect, crop type, etc). The LCCS implementation framework urges a new perspective in land cover mapping that is appropriate in the era of GIS and advanced spatial analysis (Herold et al 2006) . Our experience shows that it took a while for people to become familiar with the new concept, and there was a tendency to mix up the land cover classifiers with other attributes. However, the free LCCS software facilitated the process of defining the legend by systematically guiding users through the steps.
Although the studies are mostly limited to the images from winter due to cloud cover in other seasons, the availability of temporal data from satellites greatly facilitated studies of land cover change; this is more significant in mountainous areas, where accessibility is very limited due to extreme topography. Field knowledge and photographs as ancillary information help greatly in the correct mapping of these areas. In the present case, the availability of high-resolution satellite images was an added advantage in the interpretation and validation of the results. The adoption of OBIA helped in integrating ancillary information and knowledge in the classification process to produce better results.
The decrease in snow cover is quite significant and may be attributed to seasonal factors. However, the image used for 1992 was from November, which is usually before snowfall, and the image for 2006 was from February, when the snow cover is usually extensive in the Eastern Himalaya. An analysis of permanent snow cover over a longer period of time will be required to establish whether this decrease is an impact of global climate change. Similarly, a visible increase occurred in the sizes of the glacial lakes Imja Tsho and Lumdin Tsho as well as an in supraglacial lakes in Ngojumba glacier. These changes in glaciers and glacial lakes have been presented as evidence of global warming (Bajracharya et al 2007) . Similarly, the large change in forest types observed, particularly from mixed to broadleaf, may be due to differences in the sensors used for the 2 dates. Also, shadows in the mountain areas can make interpretation of forest types difficult. Although LCCS allows us to define very detailed land cover classes, it is still difficult to extract this information from satellite images through automated classification methods, and some level of visual interpretation is required. While information on land cover and its change over time gives very important insights into ongoing natural and human processes in the ecosystem (Millennium Ecosystem Assessment 2005) , managers are more often interested in land use practices. Stevens (1993) gives a detailed account of land use practices in Khumbu, where the Sherpas have been using local forests intensively as an integral part of their subsistence lifestyle and have their own indigenous system of forest management by rotating grazing areas and appointing a forest ward called a Nawa. Increasing tourism and the consequent change in Sherpa lifestyle have been considered major drivers of change in forests and alpine vegetation due to increased demand for timber and firewood. Stevens (2003) observes that, although no significant deforestation has occurred, forest thinning and a loss of alpine shrub juniper have occurred in many locations. Our analysis also showed a significant loss of shrub at high altitudes above 4000 m. It showed large patches of forest converted to other classes near Lukla and Phakding, the areas in the buffer zone that faced increasing pressure due to tourism (Stevens 1993 (Stevens , 2003 .
Our analysis is limited to land cover change, as LCCS has inherent limitations for integrating land use information since it is designed exclusively for land cover to provide consistency in classification. For this reason, it will be necessary to base a common system for land use classification on existing standards for the assessment of land cover and land use changes (Herold et al 2006) . While many studies have examined the changing landscape of SNPBZ in the past, comprehensive land cover mapping activity was lacking. This study has generated land cover maps using both satellite images and extensive fieldwork, and has been able to fill a major data gap in the area.
The results of this study open up areas for new research to find the social and natural linkages to these land cover changes. Such applications will help link efforts at local and regional levels to ongoing international cooperation on a joint harmonization and validation initiative for land cover datasets (Herold and Schmullius 2004) . The quantitative data resulting from our study can be used as a baseline, while the methods and approaches can be replicated to other areas to come up with a better harmonized land cover mapping of the Himalaya, which is still a data-scarce region.
